A minimax method for designing a Fourier filter flat-top (F 3 T) interleaver is proposed and demonstrated. Given a passband range, the proposed minimax method is able to produce an F 3 T interleaver with a specified bandwidth, minimal insertion loss, and higher isolation. In comparison with current interleaver design methods, the proposed approach has the advantage that the design parameters and the performance parameters of the interleaver can be obtained analytically.
Introduction
To meet the explosive bandwidth demand in optical communications, dense wavelength division multiplexing ͑DWDM͒ systems must offer increasingly higher channel counts or channel speeds. Two solutions are being pursued. One is to broaden the bandwidth by reducing the attenuation peak around 1400 nm. The other is to achieve narrower channel spacings in the currently used bands supported by erbium-doped fiber amplifier ͑EDFA͒ amplifiers. From the perspective of cost effectiveness, the second solution is preferred, because the existing optical components designed for wide channel spacing can still be used. In this solution, interleaver technology plays a critical role. Today's DWDM systems with interleavers can be upgraded with much narrower channel spacings and more channel counts for very large capacity applications. [1] [2] [3] Several techniques have already been proposed for implementing optical interleavers, and these include the F 3 T interleaver, [1] [2] [3] Michelson-Gires-Tournois interleaver, 4 Birefrigent Gires-Tournois interleaver, 5, 6 Etalon interleaver, 7 and so on. The key performance parameters used to evaluate their performance include insertion loss, square-like passband/stopband, channel phase symmetry, and channel isolation. Among these techniques, the F 3 T interleaver demonstrates several advantageous properties over other techniques. As it adopts the all-fiber implementation, the F 3 T interleaver has a low-loss, uniform response over a wide wavelength range, low chromatic dispersion, and minimal polarization-dependence effects. To ensure that the F 3 T interleaver is practically useful, the thermal stability of the all-fiber F 3 T interleaver was investigated and a thermal controller has been devised. 8 The results of Ref. 8 have shown that the F 3 T interleaver can achieve good temperature stability under testing conditions in accordance with the standards of Bellcore ͑Telcordia͒ GR-1221. In addition to these merits, another attractive and important feature of the F 3 T interleaver is its ability to achieve symmetrical passband and stopband with flat tops.
Thus, the F 3 T interleaver has attracted intensive interest in the optical engineering community.
It is worthy to mention that Etalon-based interleavers do have a better performance in providing flat-top passbands or stopbands. This is not surprising, because from the signal processing prospective, the Etalon interleavers are essentially infinite impulse response ͑IIR͒ type filters and the F 3 T interleavers are finite impulse response ͑FIR͒ type filters. However, it is the IIR structure 9 that makes it difficult for the Etalon interleaver to obtain /2 phase shift symmetry between the bar-state and cross-state channels of the interleaver. As an FIR filter, the F 3 T interleaver exhibits the advantage of phase performance. 10 For an F 3 T interleaver, the design parameters are the coupling ratios of fiber couplers, and the important performance parameters are the passband/stopband shape, isolation, and insertion loss. 11 It is desired that the insertion loss be as low as possible, the channel isolation as high as possible, and the passband/stopband shape be wide and squarelike. Currently, F 3 T interleavers are designed by numerically optimizing certain integration criteria. 12, 13 As integration criteria are chosen heuristically, it is difficult to specify an explicit relationship between the design parameters and the performance of the designed interleaver. Thus, tedious trial-and-error steps have to be performed to obtain an interleaver with the desired specifications. It is therefore of practical and theoretical interest to develop a quantitative approach capable of specifying the key performance parameters in the design stage. This work addresses this problem.
A minimax method is proposed to design F 3 T interleavers under a given passband/stopband bandwidth. The basic idea is to minimize worst-case performance in terms of insertion loss and isolation over the given bandwidth. Describing the insertion loss and isolation as passband and stopband ripples, respectively, the interleaver performance can be specified by a kind of H ϱ norm of the power spec-tral transfer function of the interleaver. Then, the interleaver design is treated as a minimax filtering problem and all design parameters are obtained by resolving the H ϱ norm. It is shown that given a passband/stopband bandwidth, the proposed approach can produce F 3 T interleavers with minimal insertion loss and maximal isolation. When compared with the traditional interleaver design approaches, the proposed approach has the advantage that the influence of the design parameters on the performance parameters can be evaluated analytically instead of being solved via numerical methods. Thus, the proposed minimax filter scheme gives a quantitative approach to the design of interleavers with given specifications.
The rest of the work is organized as follows. Section 2 briefly introduces the F 3 T interleaver and its transfer functions. Section 3 illustrates the proposed minimax design method and its properties. In Sec. 4, a simulation study is carried out to verify that the performance of interleavers can be specified by the proposed approach. In Sec. 5, the proposed design approach is experimentally demonstrated. Section 6 concludes the work.
F 3 T Interleaver
A Fourier filter flat-top (F 3 T) interleaver device is a generalized unbalanced Mach-Zehnder interferometer, as shown in Fig. 1 . It consists of three cascaded couplers linked by two differential delays. Denote the phase delay as ϭ ⌬Ln/ that corresponds to half of ⌬L, where ⌬L is the physical length of the differential delay, is the wavelength of the wave propagating through free space, and n is the refractive index of the optical fiber. The normalized electric field transfer function from the two inputs to the two outputs can be expressed by the following matrix transfer function 14 :
where c i ϭͱk i and s i ϭͱ1Ϫk i , with k i as the bar-state intensity coupling ratio of the i'th directional coupler. Hence, the transfer functions H 0 from port 1 to port 3 and H 1 from port 1 to port 4, which are usually termed as the bar-state and the cross-state transfer functions, respectively, can be expressed in the following two equations:
The interleaver design is to choose appropriate parameters c i and s i , such that the interleaver spectrum responses H 0 and H 1 have performance specified by passband/stopband shape, passband bandwidth, isolation, and insertion loss. This work addresses the interleaver design under a given passband bandwidth. In this case, the task of interleaver design is aimed at achieving a prespecified passband bandwidth with as low an insertion loss and as high an isolation as possible.
F T Interleaver by H ؕ Filter Design
The basic requirement on an interleaver is to obtain identical passband/stopband shape for both the bar-state and the cross-state output. 13 To this end, it is required that where wϭ/T, T is the unit delay time corresponding to half of the first phase delay of the interleaver.
Let ␦ s0 denote the stopband ripple of H 0 (w), ␦ p1 the passband ripple of H 1 (w), B s0 and B p0 the stopband and passband bandwidth of H 0 (w), and similarly, B s1 and B p1 the stopband and passband bandwidth of H 1 (w), respectively. Here, the ripple is defined as the amplitude difference within the passband ͑or stopband͒, and the passband ͑or stopband͒ bandwidth is defined as the range between the two points where a line tangential to the ripple bottom ͑or the ripple peak for the stopband͒ cuts the boundary of the spectrum curve. 15 See Fig. 2 
where 1Ϫ␦ s corresponds to the isolation of the interleaver and ␦ p is the passband ripple, as illustrated in Fig. 2 . Equation ͑11͒ gives the relation between ␦ s and ␦ p , from which it can be seen that if ␦ s is minimized, then ␦ p also achieves its minimum.
As seen from Fig. 2 , the passband ripple ␦ p actually specifies the worst insertion loss of the interleaver when the spectral response of the interleaver can reach a transmission spectrum of one at some wavelength in the passband. This is the theoretical value, and in practice some extra insertion loss will be introduced by other factors. Thus the objective of interleaver design can be stated as follows. 
where w s1 and w s2 are the lower and upper limits of the stopband of H 0 (w), respectively, and w s2 Ϫw s1 ϭB s when the desired bandwidth is given by B s . Then the interleaver design problem is to resolve a H ϱ norm of H 0 (w) is given by
It is actually an optimization problem of finding a set of i to resolve the norm. Denote E(w)ϭ͉H 0 (w)͉ 2 . Using Eq. ͑5͒, we have This problem is a constrained optimization problem. By using the Lagrange method, the analytical solutions can be obtained. As i (iϭ2,3) are limited to the boundary ͓0,/ 2͔, we have
where w s1 ϭ(ϪB s )/2, with B s as a prespecified bandwidth. So far, we have obtained a formalized approach to the design of an interleaver with a given passband bandwidth. More specifically, it is summarized as follows. First, considering channel symmetry, the coupling ratio of the first fiber coupler in the F 3 T interleaver always takes a value of 50:50, i.e., 1 ϭ/4 . Second, using the given passband bandwidth B s , the optimal parameters i (iϭ1,2,3) for the second and third coupler are derived by Eqs. ͑18͒ and ͑19͒. With these optimal parameters i (iϭ1,2,3), the insertion loss of the interleaver reaches its minimum, while the isolation reaches its maximum, under the given bandwidth.
It is interesting to note that the top of ͉H 0 (/2)͉ 2 is always tangential to the transmission spectrum of 1 when the optimal value is achieved. To see this, we consider the other two stationary points, given by ‫ץ‬E/‫ץ‬w ϭ0. Also by examining the associated Hessian matrix at these two points, it concludes that the power spectral response E(w) reaches its maximal value at these two stationary points and the maximal values are one. It shows that at the stationary points, except for wϭ /2 , the curve is always tangential to the unity transmission spectrum boundary when the optimal solutions are obtained. Figure 3 illustrates the three curves that possess the same bandwidth, with the solid curve depicting the optimal results obtained by the proposed design method. It can be seen that only the solid curve touches the boundary. This result also justifies the Fig. 3 With the same bandwidth, only the solid curve derived by the proposed method is tangential to the boundary. Straight line is 2 ϭ0.9863 and 3 ϭ1.2786; dashed line is 2 ϭ0.8527 and 3 ϭ1.3750; and dashed dotted line is 2 ϭ0.7527 and 3 ϭ1.4189. assertion that the insertion loss can be specified by ␦ p ͑or ␦ s ).
Performance Study by Simulation
In this section, we compare the performance of interleavers designed by different approaches. We shall also examine the performance of our proposed approach with different bandwidth specifications.
First, we use the proposed approach to design interleavers with 50-GHz channel spacing. Suppose that the desired passband bandwidth is 32.5, 20, and 7.5 GHz, respectively. Applying the proposed approach, the lower boundary of passband w s1 shall take the values of 1.0603, 1.2566, and 1.4530 in radians, correspondingly. Using Eqs. ͑18͒ and ͑19͒, the desired interleavers are obtained with spectral responses, as shown in Fig. 4 . To see the details of the passband, the top portions of these responses are magnified in Fig. 5 . It is clear that among these three cases, although the passband/stopband bandwidth is the widest when w s1 ϭ1.0603 rad, the insertion loss in the passband and the isolation are the worst in this case. On the other hand, when w s1 ϭ1.4530 rad, the interleaver possesses the best isolation and insertion loss, but the bandpass bandwidth is the narrowest. A compromise is achieved with w s1 ϭ1.2566 rad. This result indicates that the performance parameters are interrelated. Table 1 lists several typical cases with different bandwidths. The corresponding values of w s1 , the optimal solution of 2 and 3 , the ripples in the passband, and the associated isolation are given in the table. The data in the table again confirms the interdependence of the three key performance parameters of the passband bandwidth, the insertion loss, and the channel isolation. That is, one performance indicator is improved at the expense of another indicator.
Next, we compare the performance of 50/100-GHz interleavers designed by different approaches. The key optical performance parameters of these interleavers are summarized in Table 2 , from which it is shown that the 0.5-dB passband width of the proposed F 3 T interleaver is about 31 GHz, as compared to 28 GHz for the F 3 T interleavers in Ref. 3 and 20 GHz for a single unbalanced Mach-Zehnder interferometer ͑MZI͒ interleaver. Also, the proposed F 3 T interleaver provides 15 GHz of 25-dB stopband width, which is larger than 14 GHz for the integration F 3 T interleaver and 4 GHz for a single unbalanced MZI interleaver.
These simulation results demonstrate that the proposed approach can be used to design interleavers with a specified performance ͑here passband/stopband bandwidth is prespecified͒, and the designed interleavers possess superior performance when compared to other existing interleavers.
Experiment Results
The proposed approach has been used to design an all-fiber 25/50-GHz F 3 T interleaver, or equivalently, an interleaver with 0.2-nm channel spacing. The passband bandwidth is selected as 50% to the channel spacing, i.e., 12.5 GHz. Using the design formula given by Eqs. ͑18͒ and ͑19͒, the corresponding values of 2 and 3 are obtained as 0.9485 and 1.2596, respectively. With these coupling ratios, the F 3 T interleaver is fabricated. The bar-state and cross-state spectral responses of the F 3 T interleaver are observed on an optical spectrum analyzer ͑OSA͒. Figures 6͑a͒ and 6͑b͒ show the responses on an OSA in a display resolution of 0.2 and 0.5 nm, respectively. By moving the display window, the same spectral interleaving responses can be observed over the whole C band.
To measure key optical performance parameters, we take one channel response and display it in Figs. 6͑c͒ and 6͑d͒, where the passband bandwidth and the passband ripple are measured, respectively. From the OSA readings, as shown in the figures, the channel spacing is 0.1958 nm and the passband bandwidth is about 0.104 nm, which is nearly 50% to the channel spacing. It is also observed that the passband ripple is lower than 0.2 dB, and the isolation of the interleaver is around 18 dB. All these parameters are comparable to the single stage 50/100-GHz F 3 T interleaver in Ref. 3 . This again proves the effectiveness of the proposed design approach.
Conclusion
We describe a new approach for the design of F 3 T interleavers with specified performance ͑passband/stopband bandwidth͒. In the proposed approach, the performance of the interleaver is described by a H ϱ norm of the power transfer function of the interleaver. It is shown that with the proposed design approach, the bar-state ͑and the crossstate͒ intensity transmittance spectra of the designed interleaver gives a flat top with minimal ripple interleaving response under the given passband/stopband bandwidth. Unlike the existing interleaver design approaches, the analytical expressions of the optimal coupling ratios 2 and 3 are obtained in the proposed design scheme. Moreover, it is noted from the analysis in the work that the proposed design scheme can also be extended to interleaver design under other specifications. Thus the proposed approach provides a quantitative means to interleaver design. 
